ABSTRACT
INTRODUCTION
The genus Pleurotus (Fr.) P. Kumm comprises various edible mushroom species and has important medical and biotechnological properties and environmental applications (Cohen et al., 2002) . Pleurotus species present high adaptability for growth and fructification within a wide variety of agro-industrial lignocellulosic wastes due to their production of lignolytic and hydrolytic enzymes (Mikiashvili et al., 2006) . Any lignocellulosic waste can be used for Pleurotus cultivation, and many have been tested: sugarcane bagasse, banana skins, corn residues, grass, sawdust, rice and wheat straw, banana leaves, paper and cardboard. In addition, supplements like wheat, soybeans, oat and rice bran are widely employed to enrich the basic substrate for cultivation of mushrooms (Dias et al., 2003; Donini et al., 2006; Maki and PaccolaMeirelles, 2002; Mandeel et al., 2005; Moda et al., 2005; Ruegger et al., 2001) . Corncobs are one widely available agricultural waste in Paraná State, Brazil, because this state is the biggest corn producer in Brazil (Duarte, 2007) . This waste is usually either burned or left on the crop fields to be incorporated into the soil, so its utilization in mushroom production would be appropriate. Commercial mushroom cultivation demands good control of temperature, humidity and luminosity conditions. Thus, reducing the time required for the culture cycle is necessary to decrease production costs. Therefore, methods that increase either mycelium growth or fructification are of interest. Some chemical products have been used to increase mycelium growth of some species of mushrooms.
For example, sulfonated monosaccharides induce mycelium growth in Flammulina velutipes (Curtis) Singer, Lentinula edodes (Berk.) Pegler and Pleurotus ostreatus (Jacq.) P. Kumm (Inaba et al., 1983) , and veratryl alcohol stimulates the fructification of P. ostreatus (Suguimoto et al., 2001 ) even though there are no reports about the utilization of these compounds in the mushroom industry. One purpose of this study is to verify the viability of corncob utilization for the production of commercial strains of Pleurotus spp. and to determine the effect of the addition of charcoal to the cultivation substrate. The taxonomy of Pleurotus species, despite all efforts to clarify it, remains confusing. Kirk et al. (2008) recognize 20 species for the genus, although other authors have recognized 30 to 40 species (Hilber, 1982; Singer, 1986) . The plasticity of basidioma morphology of various species, especially those distributed in different regions of the world, as well as the erroneous identification of commercial isolates has led to multiple names for the same species, perpetuating identification errors (Buchanan, 1993) . Today, the combination of morphological studies and molecular phylogenetic analysis provides a good tool to understand the systematics and species boundaries in Pleurotus. Phylogenies based on the coding genes of the ribosomal DNA strongly support several taxonomic groups within the genus (Vilgalys et al., 1996; Vilgalys and Sun, 1994a; Zervakis et al., 2004) . Accordingly, the second aim of this study was to assign the isolates to the correct species using morphology and rDNA sequences to start facilitating the identification of commercial isolates or other isolates of unknown origin.
MATERIALS AND METHODS

Isolates
Four Pleurotus isolates were selected from the strain bank of the "Laboratório de Genética de Microrganismos" of the Universidade Estadual de Londrina (Londrina, PR, Brazil). Three of the strains (Pt I, Pt II and Pt III) were obtained from cultivators, and one (CCB 001) was obtained from the "Coleção de Cultura de Basidiomicetos" of the Instituto de Botânica (São Paulo, SP, Brazil), stored at ATCC (American Type Culture Collection) as Pleurotus ostreatus var. florida (ATCC 96997).
Substrates tested
The substrates employed in the production and indepth mycelium development assessments of Pleurotus were prepared with ground corncob, adjusted to 65% water content, and supplemented with rice bran, calcium carbonate (CaCO 3 ) and charcoal in two treatments according to Table 1 . 
In-depth mycelium development assessments
The selected isolates underwent in-depth growth assessments in two basic treatments (S1 and S2). Test tubes of 55 ml volume (14.2 × 2.2 cm -depth × diameter) were filled with 20 g of substrate and, after slight compaction, autoclaved for one hour at 121°C (1 atm). Afterwards, a 10-mm diameter mycelium disc, obtained from a seven-day culture, was inoculated in the central region of each tube. The tubes were incubated at 25°C in the dark. After the third day of incubation, the growth was monitored every 48 hours, until complete colonization. Ten replicates for each isolate and substrate were made, and the experimental design was fully randomized.
Production assessment on sterile substrates
Spawn and substrate preparation Untreated wheat seeds, previously hydrated in distilled water for 12 hours, were put into 500-ml glass flasks (which were transparent and cylindrical). The flasks were closed with stoppers that were perforated in the middle, sealed with micropore tape to allow gaseous exchange, and then autoclaved for one hour at 121°C. Mycelium discs (10-mm diameter) were inoculated into the wheat seed substrate. The flasks were incubated at 25°C in the dark for 25 days, the period necessary for complete colonization. Approximately 600 g of each corncob substrate was put in heat resistant polypropylene bags and, after slight compaction, autoclaved for one hour at 121°C. Afterwards, 10 g of the Pleurotus spawn was added to the bags and incubated at approximately 25°C in a room exposed to daylight. Each treatment was composed of 10 replicates of three samples each. The experiment was designed in randomized blocks.
Fructification induction
After complete substrate colonization, 21 rectangular holes (2.5 × 4.4 cm) were made across portion of the bag that was in contact with the substrate, taking care not to demage the mycelia. After the beginning of fructification, the air humidity was maintained with a vaporizer. The substrates in the bags were sprinkled daily, maintaining relative humidity at around 85%. Assessment After fructification, the basidiomata were collected, weighted when fresh and then dehydrated to determine the dry mass. The cultivation substrates were maintained until no more mushrooms were produced. The parameters employed to assess productivity were mushroom fresh mass, mushroom dry mass, productivity (P), and biological efficiency (BE). Both productivity and biological efficiency were expressed in percent rates and calculated using the following formulas: P = mushroom dry mass × 100 dry mass of initial substrate BE = mushroom fresh mass × 100 dry mass of initial substrate
Morphological studies
The macroscopic characteristics of the basidiomata collected from each isolate were recorded, according to Largent (1977) . Vouchers were deposited at the Herbário do Estado Maria Eneyda P. Kaufmann Fidalgo (SP) under the following accession numbers: SP392847 (for Pt II), SP392848 (for CCB001), SP392849 (for Pt III) and SP392850 (for Pt IV). For microscopic analysis, the dry material was rehydrated in 70% ethanol followed by either 5% KOH or Melzer's reagent, according to Largent et al. (1977) . All microscopic illustrations were made with the aid of a drawing tube. For the morphological identifications, Singer (1961 Singer ( , 1986 , Pegler (1977a Pegler ( , b, 1997 , Corner (1981) , Hilber (1982 Hilber ( , 1997 , Guzmán et al. (1993) and Lechner et al. (2004) were consulted.
Molecular studies
DNA extraction
The isolates were inoculated into potato dextrose liquid culture medium. The mycelia obtained were filtered, lyophilized and grounded to a fine powder in liquid nitrogen. DNA was extracted by adding approximately 0.5 g of the sample to extraction buffer solution according to the method of Ferreira and Grattapaglia (1996) . The DNA samples were resuspended in 50 µl TE. Afterwards, 2 µl of RNAse was added to each sample, and the samples were incubated at 37°C for 30 min and then stored at -20°C. DNA amplification and sequencing Partial sequences of the nLSU gene, containing rRNA coding regions, were amplified using the primers LR0R (5'-ACCCGCTGAACTTAAGC-3') and LR16 (5'-TTCCACCCAAACACTCG-3'). Additional information about these primers is given at http://www.biology.duke.edu/fungi/ mycolab/primers.htm. The region was amplified in 100 µL PCR reactions containing 2.5 U Platinum TM Taq DNA Polymerase (Invitrogen), 0.2 mM of each dNTP, 1.5 mM MgCl 2 and 0.2 µM of each primer. PCR was performed in an Eppendorf thermocycler using the following program: 94°C for 5 min, 40 cycles at 94°C for 40 s, 55°C for 30 s and 72°C for 1 min, and a final elongation at 72°C for 5 min. The amplicons were directly purified from the reactions using the PureLink TM PCR Purification Kit (Invitrogen). The purified amplification products were sequenced on a MegaBace 1000 automated sequencer (Molecular Dynamics) using the DYEnamic ET dye terminator cycle sequencing kit. The amplicons were sequenced in both directions using the same primers used for amplications, and the consensus sequences were generated using the Phred/Phrap/Consed software. The sequences have been deposited in GenBank.
Sequence analysis
The partial nLSU sequences generated in this study plus ten sequences obtained from the GenBank (Table 2) were aligned using Clustal W (Thompson et al., 1994) . The GenBank sequences utilized in our analysis came from isolates studied by Vilgalys et al. (1996) and Vilgalys and Sun (1994a) . Characters from the extreme 5' and 3' ends were excluded from all taxa to obtain datasets that had identical start and end positions. Gaps were treated as missing data. PAUP v.4.0b10 (Swofford, 2003) was used to generate maximum parsimony trees by a heuristic search with simple sequence addition. The confidence levels of the branches were estimated using 1,000 bootstrap replicates. The generated trees were rooted using Hohenbuehelia mastrucata (Fr.) Singer and H. grisea (Peck) Singer as outgroup taxa. Vilgalys et al. (1996) ; Vilgalys and Sun (1994a) .
RESULTS AND DISCUSSION
In-depth mycelium development Mycelium growth was observed until the 13th day of incubation when at least one of the four isolates had completely colonized the substrate in the test tube. At the concentration utilized, charcoal significantly stimulated mycelium growth in all four strains (Table 3) . Fast colonization is commonly seen as a positive factor for mushroom propagation. However, colonization speed does not always guarantee good productivity. The agricultural utilization of charcoal by-products is promising. They have long been used in Japan and have recently been introduced in Brazil (Zanetti et al., 2003) . The porosity of charcoal may increase the substrate porosity, thus improving water retention and facilitating aeration of the compound. These factors, essential to mushroom colonization, seem to have stimulated mycelium growth of the isolates. Table 3 -In-depth mycelium development average (mm) of Pleurotus isolates on the 13th day of incubation in two substrates: S1 and S2 (see Table 1 ).
Pleurotus isolates Substrates CCB001 Pt II Pt III Pt IV S1 78.9 ± 5.9bB 78.9 ± 4.5bB 82.2 ± 3.3bA 81.4 ± 3.0bAB S2 89.4 ± 2.8aB 94.3 ± 1.6aA 94.8 ± 0.6aA 94.6 ± 1.6aA
Means followed by the same letter (lower case within columns and upper case within rows) are not significantly different at the 5% probability level according to Tukey tests.
Production on sterile substrate
Mycelia running through the substrate could be observed from the third day after spawn addition, and the isolates reacted differently according to the substrate. Different effects in development of isolates have also been reported by Mandeel et al. (2005) and Dias et al. (2003) in studies of the interaction between Pleurotus isolates and substrate components. Isolate CCB001 did not develop basidiomata under the experimental conditions. Therefore, it was not considered further in the production experiments. The colonization period for Pt II and Pt IV was shorter in the substrate supplemented with charcoal demonstrating, as observed in the test tubes, that the addition of charcoal has a positive effect on mycelium development during the colonization period. This effect was not observed for Pt III when colonizing the substrate on a production scale even though the colonization period in test tubes was significantly shorter for this isolate in the substrate supplemented with charcoal. The highest production was obtained with Pt II in the substrate supplemented with charcoal. The fresh and dry masses of mushrooms produced by Pt II in S2 were higher, and consequently BE and P were greater (Table 4 ). The addition of charcoal to the substrate did not affect the production of Pt IV. The addition of charcoal resulted in an increase of P and dry mass of mushrooms produced by Pt III; however, no changes in BE and fresh mass of mushrooms were observed. Perhaps the addition of charcoal influenced the water uptake of mushrooms produced by isolate Pt III. Comments: This species has been described several times and has many synonyms published. It shows great phenotypic plasticity, mainly in pileus color, which ranges from deep pink salmon to slightly pinkish and even white. It belongs to intersterility group ISG 5 (Vilgalys and Sun, 1994b) and is widely distributed around the world. In Pleurotus, at least five species from distinct geographical localities present salmon-pinkish colored basidiomata: P. ëous (Berk.) Sacc. (Pegler, 1977a; Saccardo, 1887) , P. flabellatus (Berk. and Broome) Sacc. (Pegler, 1977b; Saccardo, 1887) , P. ostreatoroseus Singer (Pegler, 1997; Singer, 1961) , P. salmoneostramineus Lj.N.Vassiljeva (Guzmán et al., 1995) , and P. djamor (Rumph. ex Fr.) Boedijn (Corner, 1981; Guzmán et al., 1993) . Corner (1981) has recognized six varieties of P. djamor based on differences in pileus and lamellae color, shape of stipe, and substrate. However, in the literature the nomenclature of these varieties is highly confused. According to Guzmán et al. (1993) , P. ostreatoroseus, described from Brazil, is related to P. djamor var. fuscoroseus Corner and P. djamor var. roseus Corner, both from Singapore [the latter has also been reported from Brazil (Corner, 1981) ], and to P. salmoneostramineus (Hongo, 1973) from Japan. Neda et al. (1988) have demonstrated intercompatibility between P. salmoneostramineus and P. djamor, and Murakami and Takemaru (1990) have obtained white basidiomata of P. salmoneostramineus and have suggested that color differences do not justify the separation of P. salmoneostramineus and P. djamor, or P. djamor var. roseus. Guzmán et al. (1993) further claim that some Mexican materials of P. djamor var. djamor, according to Corner's (1981) classification are probably P. djamor var. roseus, or they may represent intermediate forms between these two varieties. Corner (1981) claims that P. ëous, as described by Pegler (1972) , is probably the same fungus as P. djamor var. roseus. Hilber (1997) includes P. salmoneostramineus, P. ostreatoroseus and P. flabellatus in the synonymy of P. ëous. Pleurotus flabellatus was considered a valid species by Pegler (1977a, b) but it has been considered a synonym of P. djamor by Corner (1981) , Guzmán et al. (1993) and Pegler (1986) .
Pleurotus ostreatus (Jacq.) P. Kumm., Führer der Pilzkunde (Zwickau): 105. 1871. (Fig. 2 ) Pileus 45-65 (-110) × 25-85 mm, slightly infundibuliform, white, cream or grayish, in some cases dark gray when young, surface smooth, margin smooth or occasionally lobate. Stipe 22-32 × 8 mm, lateral-eccentric, cream, surface smooth. Lamella decurrent, concolorous with the stipe, edge smooth, lamellulae present. Spore print white to creamy-grayish. Basidiospores 8.7-11.2 × 3.7 µm, cylindrical, thin-walled, hyaline, smooth, inamyloid. Basidia Comments: For P. ostreatus, as well as for other species of the genus, there are some nomenclatural difficulties, especially regarding the relationship of P. ostreatus to P. pulmonarius (Fr.) Quél. Intercompatibility studies performed by Petersen and Hughes (1993) and Hilber (1982) confirm the separation into two biological species (IGS I and IGS II, respectively). To complement the type description and trying to solve some taxonomic problems of P. ostreatus, Petersen and KrisaiGreilhuber (1996) have designated an epitype of P. ostreatus with a collection from the type locality (Austria). Despite the overlap in pileus color, the main morphological distinction between these species is the presence of cheilocystidia in P. ostreatus, as confirmed in the epitype and the absence of these structures in P. pulmonarius (Petersen and KrisaiGreilhuber, 1996) . However, previous descriptions of P. ostreatus did not mention the presence of cheilocystidia (Bresinsky et al., 1987; Hilber, 1982; Lechner et al., 2004; Zervakis and Balis, 1996) and attributed white, cream or light brown colors mainly to North American materials (Hilber, 1997; Petersen and Hughes, 1993) . Pleurotus pulmonarius is often characterized by pileus color pale ochre, light brown, yellowish brown, or with violet shades, becoming yellowish in maturity or when dry, and by the absence of cheilocystidia (Buchanan, 1993; Hilber, 1982; Hrouda, 2001; Petersen and Hughes 1993) . However, Hilber (1997) described white and gray colors for basidiomata, and Segedin et al. (1995) have observed the presence of cheilocystidia in a specimen identified as P. pulmonarius and collected in New Zealand, which, according to the description presented, could probably be referred to P. ostreatus instead of P. pulmonarius. The nomenclatural problems of P. ostreatus also involve P. florida Eger (nom. nud.) , which has a large commercial distribution but is now accepted as P. ostreatus (Hilber, 1997) . Intercompatibility studies involving P. ostreatus and P. florida have shown compatibility between all isolates studied by Eger et al. (1976) . However, Hilber (1982) has reported the compatibility of an isolate of P. florida with P. pulmonarius, as well as the incompatibility of this isolate with P. ostreatus, and also the compatibility of another P. florida isolate with P. ostreatus and the incompatibility of this latter isolate with P. pulmonarius. Such P. florida isolates must actually be either P. ostreatus or P. pulmonarius isolates distributed under the wrong denomination by mushroom producers, since no P. florida isolate compatible with both P. pulmonarius and P. ostreatus has been reported (Bresinsky et al., 1987 (Hilber, 1997) . These data confirm the biological identity of CCB001 as P. ostreatus, which shares similar morphological characteristics, including the presence of cheilocystidia, with Pt II and Pt III.
Molecular analysis
The molecular analysis of the nLSU gene shows a well-supported clade with 98% bootstrap support including all Pleurotus species analyzed. This clade is further divided into two subclades (Fig. 3) . The sequences from the isolates Pt II, Pt III and CCB001, identified as P. ostreatus, cluster in one clade with 99% support along with two other sequences from GenBank, P. ostreatus (U04143) and P. pulmonarius (U04151). Using some of the same sequences, Vilgalys et al. (1996) obtained the separation of P. ostreatus and P. pulmonarius but with a bootstrap support less than 70%. The sequences of these two species differ from each other in only one base pair, and the dataset utilized in this study is insufficient to separate them. The voucher material, especially that of strain D479, which was identified as P. pulmonarius needs to be re-examined to confirm the identification. The other clade includes the sequences from species with pinkish basidiomata and is divided into two subclades that each has 100% bootstrap Pleurotus flabellatus has been placed in synonymy with P. djamor (Corner, 1981; Guzmán et al., 1993; Pegler 1986) , and Neda et al. (1988) have demonstrated the relationship of P. salmoneostramineus to P. djamor in intercompatibility studies. There is not much information regarding P. euosmus in the literature. Saccardo (1887) described the species as producing basidiomata that are white or bluish-shaded, becoming grayish. Hilber (1997) considers it to be synonymous with P. ostreatus, although it is considered to be a distinct species by Mycobank (www.mycobank.org). In addition, data in GenBank indicates that the sequenced strain of P. euosmus is deposited in two culture collections, ATCC and MUCL, where it is identified as P. dryinus (Pers.) P. Kummer. The voucher specimens of these sequences need to be re-examined in order to confirm the identifications of GenBank sequences, since neither the sequence of P. flabellatus nor that of P. salmoneostramineus clusters with the sequences of P. djamor, and since the sequence of P. euosmus clusters in a clade with species that have pinkish basidiomata and its identity is not in accordance with the culture collections. assistance with the statistical analyses; and the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) for the support and grant to the first author.
RESUMO
Espécies de Pleurotus têm grande importância comercial e adaptabilidade para crescimento e frutificação em uma ampla variedade de resíduos agro-industriais lignocelulósicos. Neste trabalho foram testados dois substratos à base de sabugo de milho triturado, suplementados com farelo de arroz e carvão vegetal, para avaliação da cinética de crescimento micelial em tubos de ensaio e produção em sacos de polipropileno, utilizando quatro isolados comerciais. O estudo taxonômico foi realizado com a análise da morfologia dos basidiomas obtidos em cultivo e pelo seqüenciamento do gene nLSU do DNAr, para certificar a identificação taxonômica. Os isolados tiveram melhor desenvolvimento micelial em profundidade no substrato suplementado com carvão vegetal. Em relação à produção, os isolados reagiram de formas distintas em função dos substratos, sendo significativamente melhor o substrato contendo carvão. Três isolados foram identificados como P. ostreatus e o outro foi identificado como P. djamor.
